Auditory hair cells contain mechanotransduction channels that rapidly open in response to sound-induced vibrations. We report here that auditory hair cells contain two molecularly distinct mechanotransduction channels. One ion channel is activated by sound and is responsible for sensory transduction. This sensory transduction channel is expressed in hair cell stereocilia, and previous studies show that its activity is affected by mutations in the genes encoding the transmembrane proteins TMHS, TMIE, TMC1 and TMC2. We show here that the second ion channel is expressed at the apical surface of hair cells and that it contains the Piezo2 protein.
a r t I C l e S Our senses of hearing, balance, proprioception and touch depend on the conversion of mechanical force into electrical signals. The molecules underlying mechanoelectrical transduction are not well defined, and the extent to which different mechanosensory phenomena depend on similar molecules to convert mechanical signals into electrical signals still needs to be defined. In the organ of Corti of the mammalian cochlea ( Fig. 1a) , hair cells are the mechanosensory cells for the perception of sound. Mechanotransduction channels in hair cells are localized in their hair bundles, which consist of stereocilia organized in rows of decreasing heights (Fig. 1b) 1 . In a healthy hair cell, deflection of the hair bundle toward the longest stereocilia leads to an increase in the open probability of the transduction channels, while deflections in the opposite direction decrease the channel open probability 1 . Mechanotransduction channels are gated by tip links, extracellular filaments that connect the stereocilia of a hair cell in the direction of the mechanical sensitivity of its hair bundle ( Fig. 1b) 1 .
There is considerable uncertainty with regard to the molecular composition of the mechanotransduction channel in hair cells. Ca 2+ enters stereocilia upon mechanical stimulation near the lower tip-link insertion site, thus defining the localization of the sensory-transduction channel 2 . TMHS (also called LHFPL5), TMIE, TMC1 and TMC2 are transmembrane proteins that are appropriately localized in stereocilia to be part of a transduction-channel complex [3] [4] [5] , but which of these proteins contribute to the channel pore is unclear. Functional studies in mice suggest that TMHS, a protein with four predicted transmembrane domains, is not a pore-forming subunit of the transduction channel alone but forms part of the channel complex 4 . TMIE contains two predicted transmembrane domains and is essential for mechanotransduction by hair cells, but its precise function within the transduction-channel complex remains to be established 5 . TMC1 and TMC2 contain at least six predicted transmembrane domains each 6 and have been proposed to be components of the mechanotransduction channel 7, 8 , possibly forming its pore 9 . However, it has so far not been possible to demonstrate that TMC1 and/or TMC2 encode ion channels.
During the developmental maturation of hair cells, their hair bundles are less directionally sensitive; transducer currents can initially be evoked by deflection of the hair bundle in the direction not only of the longest stereocilia but also in the opposite direction, toward the shortest stereocilia [10] [11] [12] [13] . Similar reverse-polarity currents can be evoked in hair cells lacking tip links 10, 12, 14 and in hair cells from mice carrying mutations in the genes encoding TMHS, TMIE, TMC1 and TMC2 (refs. 5,10,15) . The appearance of reverse-polarity currents in damaged hair cells correlates with loss of normal-polarity currents, suggesting that the pore-forming subunits of the underlying ion channels may be shared. Consistent with this notion, ion channels carrying reverse-polarity currents show ion selectivity and responsiveness to pharmacological blockers similar but not identical to selectivity and responsiveness shown by ion channels for normal-polarity currents 8, 10, 16 . Based on these and other findings, it has been proposed that TMC1/2 might be accessory subunits of the transduction channel, regulating channel localization and/or forming an extracellular vestibule that controls ion flow toward the channel pore 8, 10, [15] [16] [17] .
Recent findings have identified Piezo1 and Piezo2 proteins as bona fide pore-forming subunits of mechanotransduction channels in mammals 18, 19 . Piezo proteins have important functions in touch sensation and other mechanical processes, such as in sensing shear stress a r t I C l e S in the vasculature and in regulating bladder function 20 . However, the function of Piezo1 and Piezo2 in auditory hair cells has not been thoroughly explored. Here we show that Piezo2 is expressed in cochlear and vestibular hair cells. Studies in cochlear outer hair cells (OHCs) show that Piezo2 is not an essential component of the sensory-transduction channel in stereocilia. Instead, Piezo2 is localized Vestibular whole mounts at the indicated age revealed td-Tomato expression in hair cells (arrowheads) and in blood vessels. All experiments were repeated at least three times, and at least 10 images were collected for each independent experiment. Phalloidin is in blue in d, e, j, l and n. Scale bars, 100 µm. a r t I C l e S apically within the hair cell body and required for the reverse-polarity currents that are observed during hair cell development, after tip-link breakage and in hair cells lacking TMC1/2. Piezo2 function is controlled by the intracellular Ca 2+ concentration, suggesting that the two Ca 2+permeable ion channels responsible for forward and reverse-polarity currents might engage in regulatory crosstalk. We thus conclude that hair cells contain two molecularly distinct mechanotransduction channels with different subcellular distribution and function. While Piezo2 is likely a pore-forming subunit of the reverse-polarity channel in hair cells, the proteins that form the pore carrying the normal-polarity sensory-transduction current still need to be determined. Overall, our findings show that mechanically gated ion channels important for different sensory modalities, such as perception of touch and sound, depend at least in part on different molecular components.
RESULTS

Piezo2 is expressed in OHCs of the cochlea and in vestibular hair cells
To determine the expression patterns of Piezo1 and Piezo2 in the inner ear, we carried out in situ hybridization in sagittal sections of the murine cochlea at postnatal day (P) 1 using antisense and control sense probes ( Fig. 1c) . As a positive control, we used a probe for Otof, which highlights both inner hair cells (IHCs) and OHCs at this age ( Fig. 1c) 21, 22 . We did not detect significant levels of Piezo1 mRNA in the inner ear. In contrast, Piezo2 expression was detected at low amounts in the cytoplasm of OHCs between the cell nucleus and the cuticular plate ( Fig. 1c) .
To confirm the expression pattern of Piezo2 in the inner ear, we crossed Piezo2-GFP-IRES-Cre mice expressing a Cre transgene from the endogenous Piezo2 genetic locus 23 with the Ai9 mouse line, a Credependent td-Tomato reporter 24 . In cochlear whole mounts at P7, td-Tomato expression was detected in OHCs throughout the length of the cochlear duct ( Fig. 1d-g,i) . We rarely observed Piezo2 expression in IHCs, but cannot rule out expression of low levels of Piezo2 that were hard to detect ( Fig. 1e,g,i) . We also observed td-Tomato expression in blood vessels. This was particularly obvious at P0, when expression levels of the fluorescence reporter in hair cells were less prominent ( Fig. 1h) . Analysis of the vestibule similarly revealed expression in hair cells and blood vessels ( Fig. 1j-o) .
Analysis of brain sections of mice obtained by crossing Piezo2-GFP-IRES-Cre mice with Ai9 mice revealed Piezo2 expression in blood vessels ( Supplementary Fig. 1 ) but not in neurons throughout the auditory pathway, including neurons of the cochlear nucleus and superior olivary nucleus ( Supplementary Fig. 1 ). Similar observations were made when we analyzed Piezo2 expression by in situ hybridization (data not shown).
Hearing function in Piezo1/2-deficient mice
To determine the function of Piezo proteins in the inner ear, we crossed Piezo2 loxP/loxP mice 23 with Pax2-Cre mice, which express Cre in the presumptive otic ectoderm, thus leading to inactivation of Piezo2 throughout the inner ear [25] [26] [27] [28] (Pax2 is also expressed in midbrain neurons 29 , but we did not observe Piezo2 expression in midbrain neurons; Supplementary Fig. 1 ). While we did not observe Piezo1 expression in the inner ear, we also inactivated Piezo1 expression in combination with Piezo2 by crossing Piezo1 loxP/loxP ;Piezo2 loxP/loxP mice with Pax2-Cre mice. We will refer to the resulting mutant mice in this paper as Piezo2cko mice and Piezo1/2-dcko mice. For some experiments, we inactivated Piezo1 alone by crossing Piezo1 loxP/loxP (ref. 30 ) mice with Pax2-Cre mice, and we will refer to the mutant mice as Piezo1-cko mice.
Measurement of the auditory brain stem response to broadband click-stimuli at P60 revealed a slight elevation (~15 dB) of auditory thresholds in Piezo2-cko and Piezo1/2-dcko mice relative to control wild-type and Pax2-Cre mice ( Fig. 2a,b) . Similar observations were made for pure tones between 8 and 20 kHz ( Fig. 2c) . Above 20 kHz, Pax2-Cre mice showed elevated thresholds compared to wild-type mice ( Fig. 2c) , suggesting that the genetic background of the Cre mouse line mildly affects auditory function at higher frequencies, preventing the analysis of Piezo1/2 function above 20 kHz.
We next recorded distortion-product otoacoustic emissions, which are mechanical distortions generated in the inner ear when two primary tones (f 1 and f 2 ) are presented. OHCs amplify the distortions, which are propagated back through the middle ear and ear canal and can be measured in sound pressure waveforms. We determined signals above the noise floor at the 2f 1 -f 2 frequency. Signals ≥ 10 dB above the noise level were scored as a positive signal. Distortion-product otoacoustic emissions in Piezo2-cko and Piezo1/2-dcko mice were elevated between 8 and 20 kHz ( Fig. 2d) , which is consistent with the auditory brain stem response data. We thus conclude that OHC function is mildly affected in Piezo2-cko mice.
Piezo2-cko and Piezo1/2-dcko mice did not show obvious vestibular defects, which frequently manifest in mice by abnormal head posture 8 Hz, ***P < 0.0006, F 2,28 = 9.808; 12 Hz, **P = 0.004, F 2,28 = 6.611; 16 Hz, *P = 0.012, F 2,28 = 5.242; 20 Hz, *P = 0.047, F 2,28 = 3.419; 24 Hz, P = 0.35, 1.091; 28 Hz, P = 0.407, 0.927; 32 Hz, P = 0.083, F 2,28 = 2.717). At least 7 animals in each group were tested. a r t I C l e S and circling behavior. For quantification, we analyzed vestibular function with swim tests, scoring tail activity, hind leg activity, head position and body posture as described 31 . We did not observe any measurable defects between wild-type and mutant mice ( Supplementary Fig. 2) . Given the mild auditory defects and lack of obvious vestibular defect, we did not evaluate vestibular function by electrophysiology.
Piezo2 localization in hair cells
To further define the function of Piezo1 and Piezo2 in hair cells and to confirm efficient ablation of Piezo1/2 proteins in the inner ear of mutant mice, we stained cochlear whole mounts with phalloidin to reveal their F-actin cytoskeleton and with antibodies to Piezo1 and Piezo2 23, 30 . We used identical exposure times to collect images from wild-type and mutant animals. Consistent with our in situ hybridization data, we did not observe Piezo1 expression in the inner ear (data not shown). In contrast, cochlear whole-mount staining for Piezo2 revealed expression in OHCs at P5 ( Fig. 3a-c) . No expression was observed in Piezo2-cko mice, confirming the specificity of the staining signal (Fig. 3b) . To analyze Piezo2 localization in hair cells more precisely, we collected optical sections from the tops of the stereocilia to the bottom of the hair-cell body (Fig. 3b,c) . Piezo2 expression was detected near the apical surface of the cell body of hair cells where it appeared to be most concentrated close to the adherens junctions near the longest stereocilia ( Fig. 3b-d) . Piezo2 expression was not detected within the stereocilia, and very low to no expression was observed along the lateral membrane between hair cells and support cells ( Fig. 3b) . We collected higher magnification images and increased the exposure time dramatically but could not detect Piezo2 in stereocilia, while it was clearly detected near the apical surface of hair cells (Fig. 3c) . We conclude that Piezo2 is probably not appropriately a r t I C l e S localized to be a component of the sensory-transduction channel that is present in hair cell stereocilia near tip links 2 .
Hair cell electromotility
The expression of Piezo2 in OHCs prompted us to investigate its role in amplification. Amplification by OHCs depends on length changes in the cell bodies of OHCs, termed electromotility. Electromotility is accompanied by a voltage-dependent gating-charge movement within the lateral membrane of OHCs, manifesting as a nonlinear capacitance [32] [33] [34] [35] . Measurements of the nonlinear capacitance at P15 did not reveal significant difference between OHCs from wild-type and Piezo2-cko mice (Supplementary Fig. 3 ). We conclude that Piezo2 is likely not essential for normal amplification by OHCs.
Hair bundle morphology and mechanotransduction
We next asked whether Piezo2 might have a function in hair bundle development. We stained cochlear whole mounts at P80 with phalloidin but observed no obvious morphological defects in hair bundles or in the patterning of the sensory epithelium into three rows of OHCs and one row of IHCs ( Fig. 4a,b) . Similar observations were made at P5 (Fig. 3b) . The findings were confirmed by scanning electron microscopy at P5 ( Fig. 4c-l) .
Bundle polarity was maintained, stereocilia formed normal staircases and the stereocilia were connected by filamentous linkages (Fig. 4m,n) .
Although we did not detect Piezo2 expression in hair cell stereocilia, OHC function was mildly affected in Piezo2-cko mice (Fig. 2) . We thus analyzed the extent to which mechanotransduction was affected in hair cells from Piezo1/2-dcko mice. We stimulated hair bundles of OHCs at P7 with a stiff glass probe ( Fig. 5a ) and recorded mechanotransduction currents in the whole-cell configuration. As reported 4, 5, 36 , OHCs from control mice had rapidly activating transducer currents, which subsequently adapted ( Fig. 5a) . Current displacement plots did not reveal an obvious difference in transducer current in hair cells from controls and Piezo1/2-dcko mice (Fig. 5b) . The amplitude of saturated mechanotransduction currents in hair cells in the mid-apical part of the cochlea at maximal deflection with a stiff glass probe was at 498.47 ± 35.99 pA (mean ± s.e.m.) for control OHCs and 498.03 ± 54.19 pA (mean ± s.e.m.) for OHCs from mutants ( Fig. 5b) .
Severe defects in stiffness of hair bundles manifest as defects in mechanotransduction when hair bundles are stimulated with a fluid jet. We conducted fluid jet experiments at P7 but did not observe significant differences between OHCs from wild-type and mutant mice (Mann-Whitney test between control and Piezo2-cko groups: −10 V, P = 0.488; −8 V, P = 0.307; −6 V, P = 0.967; −4 V, P = 0.178; −2 V, P = 0.348; 0 V, P = 0.236; 2 V, P = 0.438; 4 V, P = 0.596; 6 V, P = 0.391; 8 V, P = 0.838; 10 V, P = 0.391; 12 V, P = 0.348; 14 V, P = 0.27; 16 V, P = 0.54; 18 V, P = 0.567; 20 V, P = 0.307; 22 V, P = 0.595; 24 V, P = 0.111; 26 V, P = 0.595; 28 V, P = 0.624; 30 V, P = 0.653; Supplementary Fig. 4 ).
Reverse-polarity currents in Piezo1 and Piezo2 single-and double-mutants
The reverse-polarity current originally reported for OHCs shows kinetic properties, with rapid onset followed by rapid adaptation, similar to those observed for Piezo2 (refs. 10,18) . We thus tested the extent to which the reverse-polarity current was dependent on Piezo2. For this purpose, we used a fluid-jet stimulation system that has previously been used to deflect hair bundles in the normal-polarity and reversepolarity directions 5, 10 . The experiments were carried out with 99 OHCs from 39 pups at P5. We recorded regular normal-polarity currents in hair cells from control, Piezo1-cko, Piezo2-cko and Piezo1/2-dcko mice ( Fig. 5a-c; data not shown). Robust reverse-polarity currents were also recorded in OHCs from control and Piezo1-cko mice following the disruption of tip links with 5 mM BAPTA ( Fig. 5c-f ). However, no reverse-polarity currents could be evoked in the vast majority of OHCs from Piezo2-cko and Piezo1/2-dcko mice after tip-link disruption ( Fig. 5c-f) . The few hair cells that showed reverse-polarity currents might be a small population of OHCs that did not efficiently express the Cre used to inactivate Piezo1 and Piezo2. It is also possible that another channel is responsible for these rare reverse-polarity currents.
We next evaluated the extent to which Piezo2, expressed in heterologous cells and the reverse-polarity current in hair cells, was sensitive to dihydrostreptomycin (DHS). Previous studies have established that a 30% block of the reverse-polarity channel current can be achieved by 100 µM DHS in 1.5 mM extracellular Ca 2+ (ref. 16) . We showed that 100 µM DHS gives 40% and 25% blocks of Piezo2 expressed in human embryonic kidney (HEK) cells (Supplementary Fig. 5 ) at extracellular Ca 2+ concentrations of 100 µM and 2.5 mM, respectively. We were unable to induce reverse-polarity currents in the majority of P5 IHCs both in wild-type mice following disruption of tip links and in TMC1/2 double mutants (Fig. 5g,h) , which is consistent with the observation that we rarely observe Piezo2 expression in IHCs.
Effects of intracellular Ca 2+ concentration on reverse-polarity currents
The appearance of reverse-polarity currents correlates with the disappearance of normal-polarity currents, which has led to the hypothesis that the two currents might depend on similar pore-forming ion-channel subunits 10, 15, 16, 37 . Since our data suggest that different ion channels carry reverse-polarity and normal-polarity currents, we asked whether ion channels carrying normal-polarity currents suppress the activity of ion channels responsible for reverse-polarity currents. Importantly, transduction channels in OHCs are not completely closed at rest, and the intracellular Ca 2+ concentration in OHCs is high 17, [38] [39] [40] . Channels close after tip-link breakage, thus preventing influx of Ca 2+ through transduction channels 41 . We therefore tested the extent to which the intracellular Ca 2+ concentration might affect reverse-polarity currents.
The reverse-polarity current was suppressed by elevating the intracellular Ca 2+ concentration. This was exemplified by mechanotransduction currents in early postnatal mice (P0 basal OHCs; Fig. 6a ), in which the hair cells displayed normal-and reverse-polarity currents when recordings were made with a patch pipette containing a solution that included the Ca 2+ buffer EGTA (Fig. 6a) . However, when recordings were made in the same preparation using an intracellular solution containing 1 mM Ca 2+ , reverse-polarity current was present immediately after rupturing the patch but quickly disappeared as Ca 2+ washed into the cytoplasm (Fig. 6b) . There was no substantial reduction in the amplitude of the normal mechanotransduction current (Fig. 6b) , indicating no general deterioration in the cell during perfusion with high Ca 2+ . Similar effects of Ca 2+ wash-in were seen in five OHCs with 1 mM Ca 2+ in the pipette solution; in these cells the mean reverse-polarity current was 600 ± 130 pA immediately after starting whole-cell recording and diminished after four minutes recording to 2 ± 0 pA. When 0.1 mM Ca 2+ was present in the patch-pipette solution, the reverse-polarity current was unaffected after 14 min of recording. A similar Ca 2+ block was obtained when the reverse-polarity current was elicited in Tmc1:Tmc2 double knockouts or after destruction of the tip links by exposing the hair bundle to BAPTA (data not shown).
The Ca 2+ concentration needed to suppress the reverse-polarity current is high but not unrealistic, since we have previously estimated from Ca 2+ reversal-potential measurements that Ca 2+ in the stereocilia occurs in near-millimolar concentrations 17 . While the Ca 2+ concentration is likely highest near the inner face of the mechanoelectrical transducer channel, the concentration further down the stereocilium a r t I C l e S a r t I C l e S and at the top of the cell will still be substantial as Ca 2+ buffering in neonates is small 42 . Furthermore, the Goldman-Hodgin-Katz equation used to infer the Ca 2+ level 17 applies to the bulk concentration just as the membrane potential refers to the potential difference between the bulk solutions and not to the membrane surface potential. During neonatal development, Ca 2+ influx through the normal-polarity MT channels (which are two to three times more Ca 2+ -permeable than reverse-polarity channels) 16 therefore likely increases Ca 2+ to a level sufficient to suppress the reverse-polarity current. We next tested the extent to which the intracellular Ca 2+ concentration affects Piezo2 function directly. We expressed Piezo2 in HEK293 cells and applied a series of force steps to the cell surface via a piezodriven glass probe. Currents were recorded with whole-cell voltage clamp recordings with a pipette solution containing up to 10 mM Ca 2+ . There was no obvious effect of Ca 2+ on the maximal response of Piezo2 to mechanical stimulation even after minutes of perfusion (Fig. 6c) . These data suggest that Ca 2+ affects Piezo2 indirectly, perhaps by regulating the activity of other proteins such as a kinase, which then regulates Piezo2 function or transport directly, or via Piezo2-associated proteins. This interpretation is consistent with the observation that it takes minutes for reverse-polarity currents to reach full amplitude following disruption of tip links 10 .
Maturation of normal-polarity currents All recordings described above were carried out with hair cells from mice in which Piezo2 function had been inactivated by tissue-specific Cre-mediated recombination. Although our immunolocalization studies suggested that we efficiently inactivated Piezo2 function in Piezo2-cko mice (Fig. 3) , we wanted to exclude that a small amount of Piezo2 protein might have persisted. We therefore analyzed transducer currents in hair cells from Piezo2-null mice. Since Piezo2-null mice die at birth 43 , we established cochlear cultures from mice at E18.5 and cultured them for several days. We stimulated OHCs from wild-type and mutant mice at similar positions in the medial part of the cochlea with a fluid jet, which allowed us to record normal-polarity and reverse-polarity currents. As reported earlier in rat 13 and mice 10,37,44 , transducer currents in wild-type mice matured in vitro over several days (Fig. 7a) . Similarly to previous reports using zebrafish and rodents [10] [11] [12] [13] 37 , we observed that currents in immature hair cells of wild-type mice at P0 revealed both normal-and reverse-polarity currents with normal-polarity currents not having reached full amplitude (Fig. 7a) . In wild-type mice, the amplitude of normal-polarity currents increased nearly eightfold after 1 d in culture and even further after 2 d (Fig. 7a) , which is consistent with the progressive maturation of the transduction machinery even in vitro. In striking contrast, in OHCs from Piezo2-null mice, reverse-polarity currents were not detectable at P0 or after culturing hair cells for 1 or 2 d (Fig. 7a) . However, normal-polarity currents were present, but they appeared to reach full amplitude on an accelerated time course. Normal-polarity currents were nearly fourfold larger in mutants at P0 compared to wild-type mice, about twofold larger after 1 d in culture but indistinguishable from those in wild-type mice after 2 d in culture. A similar delay in a r t I C l e S maturation was observed with acutely isolated hair cells from Piezo2cko mice. In explants from Piezo2-cko mice, mechanotransduction currents at P0 were small and indistinguishable between wild-type and mutant mice, but over the next 3 d they matured slightly faster in hair cells from Piezo2-cko mice compared to wild-type cells (Fig. 7b) .
Induction of reverse-polarity currents by damage to the sensory epithelium
Disruption of tip links and genetic mutations that affect components of the sensory-transduction machinery in stereocilia such as TMHS, TMIE and TMC1/2 unmask reverse-polarity currents in hair cells 5, 10, 12, 15 . Reverse-polarity currents were not induced by careful dissection of the sensory epithelium of wild-type mice for electrophysiological recordings (Fig. 5c) . Treatment of organ explants with chemicals that cause oxidative stress, such as H 2 O 2 , also did not lead to an activation of reverse-polarity currents (data not shown). However, when we mechanically disrupted the integrity of the sensory epithelium with a pipette, robust reverse-polarity currents were evoked in OHCs (Fig. 7c) near the stab wound (<10 cell-diameters from the wound) but not further away (>20 cell-diameters) where epithelial architecture was not affected (Fig. 7c) . Notably, in hair cells near the stab wound, forward-polarity currents of normal amplitude and reverse-polarity currents could be evoked in parallel in the same cell (Fig. 7c) . These findings suggest that reverse-polarity currents in OHCs can be evoked by mechanical damage to the sensory epithelium.
Both the forward-polarity and reverse-polarity currents coexist in the same cell within the damaged epithelium, which is consistent with the observation that the two currents depend on different ion channels.
DISCUSSION
We provide here evidence that OHCs in the murine cochlea express two molecularly and functionally distinct mechanotransduction channels. a r t I C l e S One transduction channel is present in the stereocilia near tip links and is required for sensory-transduction. The second transduction channel contains Piezo2 and is concentrated at the apical surface of OHCs. The Piezo2-containing ion channel is observed in developing hair cells and can be unmasked at later developmental stages by breaking tip links or by damaging the sensory epithelium. Auditory function is mildly perturbed in the absence of Piezo2. As one possibility, the mild auditory defects in Piezo2-cko mice may indicate a role for Piezo2 in facilitating continuous repair in the sensory-transduction machinery, which might undergo turnover throughout life. Hair cells of the mammalian cochlea are mechanosensory cells that convert sound-induced vibrations into electrochemical signals. The mechanically gated ion channel that is activated by sound has been studied for decades 1 . This sensory-transduction channel is activated by deflection of the hair bundle in the direction of the longest stereocilia (normal polarity) and is present in stereocilia near the lower end of tip links. TMHS, TMIE, TMC1 and TMC2 are candidate subunits of the sensory-transduction channel 4, 5, 7, 9 . The observation that OHCs express a second mechanically activated ion channel at their apical surface is a surprise. We show that this ion channel contains Piezo2 and that it is activated in early developing hair cells by stimulation of the hair bundle in the direction opposite the normal direction of stimulation (reverse polarity). In wild-type hair cells, the sensory-transduction machinery matures postnatally over several days 10, 13, 37, 44 . Unexpectedly, our findings indicated that maturation was slightly accelerated in the absence of Piezo2. The mechanism by which Piezo2 affects the maturation of the sensory-transduction machinery is unknown, and the physiological relevance of this phenomenon needs further investigation. The observation that Ca 2+ regulates the activity of the Piezo2-dependent ion channel and that Piezo2 in turn is permeable to Ca 2+ raises the possibility that Ca 2+ plays a role in the maturation process of the sensory-transduction machinery (Fig. 7d) .
Previous studies have shown that a reverse-polarity current can be evoked in postnatal cochlear hair cells following disruption of the sensory-transduction machinery 5, 10, 12, 14, 15 . The reverse-polarity current has properties similar to those of the normal-polarity current and it has been proposed that the two currents might be carried by similar pore-forming ion-channel subunits 10, 15, 16, 37 . Our findings suggest that different ion channels carry the forward-polarity and reverse-polarity currents, where only the reverse-polarity current depends on Piezo2. Notably, the kinetic properties 10, 18 and pharmacology (sensitivity to DHS and to FM1-43, a permeant blocker of the mechanotransduction channel) 12, 16, 37, 45 of the reverse-polarity current resemble those of Piezo2, suggesting that Piezo2 forms the pore of the channel carrying the reverse-polarity current.
One previous study has reported that, following the breakage of tip links, reverse-polarity currents can be observed in IHCs between P6 and P9. These reverse-polarity currents were overall comparable to but more variable in size than normal-polarity mechanotransduction currents 12 . We report here that we rarely observed reverse-polarity currents in IHCs at P4-P6 after tip-link breakage, which is consistent with our findings that we detected Piezo2 expression only in a subset of IHCs. The difference between the two studies might be explained in several ways. First, expression levels of Piezo2 in IHCs might vary between mice of different genetic backgrounds. Second, hair cells might contain additional ion channels, and variations in the stimulation protocol between laboratories might lead to the activation of different subsets of channels. Third, the published study 12 did not provide information on the number of IHCs that revealed a reversepolarity current. Thus, it is possible that the previous study focused on characterizing the limited number of IHCs that express Piezo2.
As reported earlier in rat 13 and mice 10, 37, 44 , transducer currents in wild-type mice mature in vitro over several days. In addition, in zebrafish and rodents [10] [11] [12] [13] 37 , mechanically evoked currents in immature hair cells are less directionally sensitive than in mature hair cells, revealing normal-polarity and reverse-polarity currents. During development, the reverse-polarity current declines while the normal-polarity current matures and is detectable in both IHCs and OHCs 37 . These findings suggest that the reverse-polarity currents recorded at earlier developmental time points in IHC might be carried by an ion channel distinct from Piezo2. In fact, it has been proposed that the reverse-and normal-polarity currents in developing hair cells might be carried by the sensory-transduction channel in hair bundles that have not achieved their normal (mature) polar arrangement of stereocilia 13 . Finally, we cannot exclude the possibility that Piezo2 might be expressed at very low levels in IHCs below the limit of detection by our methods.
We are intrigued by the observation that Ca 2+ regulates the activity of the Piezo2-dependent ion channel. This observation perhaps explains why reverse-polarity currents are prominently detected in postnatal hair cells after but not before disruption of the sensory-transduction machinery. Sensory-transduction channels are not completely closed at rest, leading to influx of Ca 2+ (ref. 38) . The Ca 2+ concentration in stereocilia in rodents has been estimated to be in the range of ~1 mM (ref. 17) . Upon disruption of the transduction machinery, intracellular Ca 2+ levels decline; this could then lead to the activation of the Piezo2dependent ion channel (Fig. 7d) . Consistent with this model, when we increase intracellular Ca 2+ levels in hair cells following tip-link breakage, the activity of the Piezo2-dependent ion channel was reduced. When we expressed Piezo2 in heterologous cells, we could not alter its activity by changes in the intracellular Ca 2+ concentration. This suggests that the effect of intracellular Ca 2+ levels on Piezo2 function may be mediated by an intermediary protein (X) such as a kinase or phosphatase ( Fig. 7d) . Consistent with this model, reverse-polarity currents of full amplitude are observed in hair cells only several minutes after disruption of tip links 10 . This could be in part attributed to slow changes in the intracellular Ca 2+ concentration but might also signify intermediate steps in the regulation of Piezo2 function, for example by a Ca 2+ -dependent kinase that phosphorylates Piezo2 directly or by a Piezo2-associated protein. Notably, Piezo2 accumulates at the apical surface of hair cells near the longest stereocilia, and its specific subcellular distribution might contribute to regulation by Ca 2+ , for example by affecting insertion of Piezo2 into the membrane. Such Ca 2+ dependence may not be easily recapitulated in a heterologous system.
Previous studies identified stretch-activated ion channels in the lateral membrane of hair cells [46] [47] [48] . We consider it unlikely that Piezo2 is the ion channel responsible for the reported currents. We detected little to no Piezo2 in the lateral membranes of hair cells, and the properties of the reported channels are inconsistent with the properties of Piezo2. One study reported a stretch-activated channel that is a potassium channel 47 , while a second study reported a channel that is permeable to cations and anions 48 . A third study identified two types of stretch-activated ion channels, one with a voltage dependence inconsistent with the properties of Piezo2 and another that is likely a potassium channel 46 .
The ion channel carrying the reverse-polarity current is activated by disruptions of the sensory-transduction machinery and by disruption of the sensory epithelium. The localization of Piezo2 at the apical surface of hair cells near junctional complexes between hair cells and support cells is intriguing. Perhaps, Piezo2 is critical for sensing mechanical forces across the sensory epithelium that depend on adhesive contacts between hair cells and support cells. This might help to coordinate the maturation of the exquisitely organized sensory epithelium with the maturation of the sensory-transduction machinery. a r t I C l e S It might also facilitate coordination or repair processes that are activated following pathological disruption of the sensory epithelium. In this regard, it is notable that Piezo1 and Piezo2 have been implicated in the mechanical injury response in cartilage 49 . While speculative, Piezo2 might also serve as a backup to maintain residual drive for electromotility when hair bundles are damaged. As such, dual-channel specialization in OHCs might be viewed as a safeguard mechanism in situations of hair cell damage.
METHODS
Methods, including statements of data availability and any associated accession codes and references, are available in the online version of the paper.
